Rhizoctonia solani is a fungal species complex that causes necrotrophic crop diseases. it comprises several anastomosis groups, some of which include intra-subgroups, such as AG-1 IA and AG-1 IB, exhibiting varying pathogenicity. owing to its heterozygous and multinucleate features, genomic analyses of R. solani are still challenging, and understanding of its genetic diversity and genic components is limited. in this study, in order to elucidate the molecular basis of this phytopathogen complex, an integrated transcriptome analysis was undertaken for three subgroups of AG-1, i.e. AG-1 IA, AG-1 IB, and AG-1 IC. Sequence variations suggested substantial evolutionary distances within AG-1. Transcript simple sequence repeats showed comparable characteristics among AG-1, but contained polymorphic sites. Intra-subgroup polymorphisms suggested varying genic heterozygosity within AG-1, suggesting their independent evolutionary trajectory. Sequences of pathogenic factors, phytotoxin biosynthesis pathway enzymes, secreted lignocellulosic enzymes, secreted reactive oxygen species detoxification enzymes, apoplastic/cytoplasmic effector candidates, were conserved among those subgroups. d n /d S ratios of a secretome subset suggested core secreted proteins in AG-1 and distinct evolution of Cys-rich small secreted proteins after differentiation of AG-1 subgroups. Identification of likely pathogenic factors including allergen protein homologues, oxidative phosphorylation and ethylene biosynthesis pathways, and diversification of polysaccharide monooxygenases provides molecular insight into key genomic components that play a role in R. solani pathogenesis.
Results and Discussion
transcriptome sequencing and de novo assembly. Paired-end short reads of mycelial transcriptomes were obtained by Illumina high-throughput sequencing. Millions of paired-end reads were generated from poly (A) + RNA fractions of mycelia in AG-1 IA, AG-1 IB, and AG-1 IC, respectively (Table 1 ). Our preliminary trial of batch assembly of these sequencing data was unsuccessful; therefore, the sequencing data were separately assembled into contigs (22, 845 transcriptome contigs (IA-TCs) for AG-1 IA; 21,905 transcriptome contigs for AG-1 IB (IB-TCs); and 19,719 transcriptome contigs for AG-1 IC (IC-TCs)) using Trinity 17 . The results obtained using Trinity were superior in terms of revealing conserved genes among fungi and basidiomycetes to those obtained using Velvet/Oases 18 . The Illumina reads exhibited good re-mapping rates (96.9 to 98.7%) in all AG-1 subgroups. The assembly statistics, N50 length, and data showing the existence of conserved orthologous genes in Basidiomycota and fungi were similar among the subgroups (Table 1 ). GC contents of the contigs were 50.8, 51.4, and 51.3% in IA-TCs, IB-TCs, and IC-TCs, respectively. These were similar to that of the transcript contigs of AG-1 IB 7/3/14 (50.3%) and slightly higher than the GC content of the AG-1 IA reference genome (47.6%) 10, 11 . A total of 21,627 AG-1 IA contigs (94.7%) could be mapped upon the AG-1 IA genome sequence using BLAT 19 . A total of 19,640 of IB-TCs (89.7%) could be mapped onto all the coding sequences of AG-1 IB 7/3/14 by BLAT with the E-value of 1e-5; the sequence identities ranged from 64.2% to 100%, with an average of 98.4%; 1,864 IB-TCs exhibited 100% sequence identity with their counterparts in AG-1 IB 7/3/14. These results indicate the accuracy of the present assemblies.
IA-TCs
IB-TCs IC-TCs IA-STCs Pairwise comparisons of the transcriptome contigs indicated significant nucleotide diversity within the AG-1 subgroups. Specifically, BLASTN 20 searches with the E-value of 0.01 revealed nucleotide sequence identities of 85.3 to 87.1% on average between probable orthologous transcripts; however, sequence identities varied depending on genes. For example, IA-TC and IB-TC transcripts of housekeeping genes, i.e. glyceraldehyde-3-phosphate dehydrogenase and alcohol dehydrogenase, showed almost absolute identity (99.8 and 100%, respectively), while transcripts encoding regulatory genes, zinc finger protein and bZIP-type transcription factor, exhibited lower sequence homologies (84.5 and 82.8%, respectively). Only approximately the halves of the contigs showed significant sequence similarities between different subgroups; actual sequence conservation would be lower than that observed. According to our preliminary estimation of divergence time based on six of 50 housekeeping Clusters of Orthologous Groups (COGs) 21 , AG-1 IA and AG-1 IB diverged around 46.2 million years ago (MYA), and the lineage of these two subgroups diverged from AG-1 IC around 76.1 MYA. Although these values require evaluation using whole-genome sequences, this result is consistent with those of previous reports that describe divergent DNA sequences in AG-1 22, 23 .
Super-transcriptome contigs in AG-1 IA for rice sheath blight. To capture transcripts that are inducible by inoculation and/or infection onto plant hosts, we conducted batch transcriptome assembly of AG-1 IA by integrating previously generated RNA-Seq data in mycelia after inoculation onto rice 10 ; 43,553 super-transcriptome contigs (IA-STCs) were constructed ( Table 1 ). The IA-STCs showed good re-mapping rates (94.0 to 98.6%) in the AG 1-IA RNA-Seq profiles. As indicated by the assembly statistics of IA-STCs (Table 1) , this contig set has higher coverage in the transcriptome because of the greater number of total nucleotides and common genes in fungi and Basidiomycetes than in IA-TCs. Notably, 10,168 IA-STCs were uniquely detected after inoculation only. The expression of most of these IA-STCs was detected 48 hours or later after inoculation: the number of IA-STCs increased to 8,713 at 48 hours and 9,666 at 72 hours after inoculation (Table S1 ). These transcripts may be involved in biological processes underlying host tissue necrosis during R. solani infection.
Unexpectedly, 10,775 IA-STCs (24.8%) were not mapped to the AG-1 IA genome assembly. Among these IA-STCs, approximately 3,000 had almost identical sequences to those of rice. The remaining IA-STCs may have been derived from other microorganisms growing along with the inoculated AG-1 IA isolate. Another possibility is that the reference genome did not cover some genic regions. To test the latter possibility, we predicted the genome size of AG-1 IA by a k-mer analysis using the two sets of genomic DNA sequencing data with the 173 bp and 5.6 kb inserts 10 using the method of Yamamoto et al. 24 .The estimated genome size ranged from 41.4 to 49.3 Mb at the k-mer length of 17. These values are 11.2 to 33.4% larger than the total length of the genome assembly. Hence, we assumed that some of the 10,775 IA-STCs were transcribed from the AG-1 IA genome. Contraction of the IA-STCs using EvidentialGene 25 resulted in the retention of 16,334 contigs as the representative set of IA-STCs, implying an approximately 1.5-fold greater number of genes in R. solani AG-1 IA than the previously predicted number of 10,489 on the draft genome sequence 10 . The AG-1 IB 7/3/14 genome and annotation statistics showed that more than 40 Mb of the genome and 15 thousands genes were possibly encoded in R. solani AG-1 15 . Further analyses of the AG-1 IA genome and transcriptome may lead to the identification of uncharacterized genes.
Simple sequence repeats in the mycelial transcriptomes. Profiling of simple sequence repeats (SSRs)
provides an alternative index for global sequence similarity in the transcriptomes because of the high mutation rates of repeat sequences. Genic SSRs are likely to be under distinct selective pressure 26 and may represent evolutionary adaptation at gene level. In addition, studies have demonstrated that genic SSRs show transferability across genetically close species 27, 28 . Via a computational search, we detected 38,603 (2.0 SSRs/kb), 39,102 (1.9 SSRs/kb) and 29,863 (1.8 SSRs/kb) SSRs on IA-TCs, IB-TCs, and IC-TCs, respectively. Most IA-TCs SSRs were validated by comparison with the genomic sequences (data not shown). The majority of these SSRs comprised up to six nucleotide units ( Fig. 1 ), which is a typical feature of genic SSRs 26 . Transcript SSRs of tri-and hexa-nucleotide units were more frequent owing to larger numbers of coding SSRs, indicating that SSRs that did not cause frame shifts were evolutionarily retained on the coding sequence of the AG-1 subgroups, and that transcripts with such SSRs would be functionally important.
Frequencies of allelic types of repeat units differed only slightly among the AG-1 subgroups ( Fig. S1A ), indicating conserved sequence characteristics in the transcriptomes. The most frequent unit was ' AAG' , followed by ' AG' , ' AGC' , ' ACC' , and ' ACG' , which occur frequently in fungi 26, 29 . Similar but different frequencies of coding SSRs represent conserved sequence characteristics in the transcriptomes among the AG-1 subgroups ( Fig. S1B ), suggesting the occurrence of polymorphic coding SSRs in the subgroups. In fact, manual survey for coding SSRs with tri-, hexa-, 9-, and 12-nucleotide repeat units revealed several SSR marker candidates that were capable of differentiating the AG-1 subgroups ( Fig. S2 ). Surrounding transcript sequences of the SSRs were highly conserved in AG-1; therefore, such transcriptome SSRs provide an alternative genotyping strategy for R. solani.
Multinucleate transcript polymorphisms. Natural multinucleate cells have been observed in R. solani
AG-1 strains 5, 10 . Genetically diverse nuclei support phenotypic plasticity in mycelia and contribute to fungal virulence 30 . Our previous microscopic analysis revealed that the AG-1 IA reference strain possesses eight to 10 nuclei per cell 10 . Grosch et al. 31 observed that AG-1 IB isolates had six nuclei per cell on average. Consistent with this report, present microscopic observations in AG-1 IC indicated around six nuclei per cell (data not shown). To investigate heterozygotic status in the AG-1 strains, we mined probable single nucleotide polymorphisms (SNPs), multi-nucleotide polymorphisms (MNPs), and short insertions and deletions (InDels) on the transcriptome contigs (Table S2 ). The frequencies of the various polymorphisms differed: AG-1 IB was the most frequent and AG-1 IC was the least frequent. A referential data for AG-1 IA genome supported the reliability of these results, implying intra-genetic heterozygosity at DNA level. The frequencies of multinucleate SNP sites in the transcriptomes were much lower than that of the AG-8 genome (14.5 coding SNPs/kbp) 32 but similar to or less than those of fungi such as Lentinula edodes (4.6 SNPs/kbp) 33 and Blumeria graminis (1.0 SNP/kbp) 34 . Allelic types showed that substitutions between purine or pyrimidine bases were predominant in all subgroups (Table S3 ), implying that these nucleotide variants were derived from mutations during evolution. transcript repertoire. The transcriptome contigs were annotated with KOGs 35 , Swiss-Prot 36 , Pfam protein domains 37 , KEGG metabolic pathways 38 , PHI-base 39 and CAZymes (carbohydrate-active enzymes) 40 . In addition to the longest open reading frames, which most probably encode proteins, alternative frames can be biologically significant eukaryotes 41, 42 . Therefore, all the deduced protein sequences with no fewer than 50 amino acid residues were analyzed. In our coding sequence prediction, 4.6 potential coding sequences per transcriptome contig were found on average. Sequence searches of the predicted protein sequences resulted in the assignment of any type of annotation to 12,696 (55.6%) IA-TCs, 12,368 (56.5%) IB-TCs, 11,310 (57.4%) IC-TCs, and 27,961 (64.2%) IA-STCs (Table S4 ). KOG categorization resulted in similar distributions among the four transcriptome contig sets ( Fig. S3 ), suggesting conservation of the fundamental gene set. Sequence searches against the reference fungal proteomes indicated considerable numbers of homologues in R. solani, Laccaria bicolor, and Coprinopsis cinerea, which are categorized as Basidiomycota (Table S5 ). These findings were largely consistent with the taxonomic relationship. The following unique gene sequences for the five necrotrophs were found: endoglucanase A [UniProt accession: O08342], endoglucanase B [P23550], and cytochrome P450 [Pfam accession: PF00067.21] (Table S6 ). The functions of the other listed contigs listed could not be predicted; however, it is considered that contigs may play specific roles in necrotrophs.
Experimentally verified genes involved in phytopathogenesis enables the inference of R. solani genes for necrotic diseases 15 . Based on sequence similarity with proteins in PHI-base, we identified potential transcripts related to pathogenicity, virulence, and effector genes. Several thousands of contigs in each transcriptome assembly were assigned to any of the relevant categories of phenotype of mutant "Loss of pathogenicity", "Reduced virulence", "Increased virulence (Hypervirulence)", and "Effector (plant avirulence determinant)" (Fig. 2 ). Among the three AG-1 subgroups, 851 PHI-base accessions were assigned to any of transcriptome contigs in common: these accessions included molecules encode chitin synthase, adenylate cyclase, appressorial penetration, and polyketide synthase (Table S7 ). This result suggests that the R. solani AG-1 genome encodes fundamental pathogenic factors. However, seven PHI-base accessions, for which genes may be associated with greater virulence, were uniquely found in IA-TCs: five bacterial effectors, endochitinase, and pectate lyase (Table S8 ). These genes may explain the varying pathogenicities and virulence among AG-1 isolates.
Differences in enzyme repertoires among the AG-1 subgroups also reveal insights into the pathogenic mechanism of R. solani. We searched KEGG pathways of contigs uniquely found in IA-TCs, IB-TCs, or IC-TCs. While no unique KEGG pathway was found for AG-1 IB and AG-1 IC, AG-1 IA represented four unique pathways including 'Oxidative phosphorylation' [KEGG pathway entry: ko00190] (Table S9) ; this was attributable to mitochondrial proteins such as NADH-quinone oxidoreductase and cytochrome c oxidase subunits being uniquely included in IA-TCs. It is reasonable to assume that these genes act on ATP production to support the pathogenicity of AG-1 IA. In addition, we noted that a contig annotated as 1-aminocyclopropane-1-carboxylate synthase [KEGG pathway entry: K01762], which encodes one of the rate-limiting enzymes in ethylene biosynthesis 43 , was also unique to AG-1 IA. Although the role of pathogen-produced ethylene has been controversial, it is known to promote or suppress disease development in plants 44 . Hoffman et al. 45 reported that ethylene-insensitive soybean mutants exhibit altered susceptibility to a highly virulent R. solani strain, depending on their genotype. Pantelides www.nature.com/scientificreports www.nature.com/scientificreports/ et al. 46 speculated that a necrotrophic pathogen Fusarium oxysporum modifies ETR1-mediated ethylene signalling in Arabidopsis during disease development.
transcripts for phytotoxin biosynthesis. PAA is a virulence factor for AG-3 in potato, and the importance of this phytotoxin in sheath blight diseases has been reported in detail 7 . The biosynthetic pathway for PAA has been partially described by Cook et al. 47 resulting in the synthesis of phenylpyruvate, which is the probable precursor of PAA. We found that transcript sequences for this pathway commonly existed in IA-TCs, IB-TCs, and IC-TCs (Fig. 3 ). This is consistent with the notion that AG-1 IA is capable of infecting dicot plant species such as soybean, Brassica species, and coffee 5 . Interestingly, we observed obvious induction of three contigs of shikimate kinase, two contigs of 3-phosphoshikimate 1-carboxyvinyltransferase, and one contig of chorismate synthase 72 hours after inoculation of AG-1 IA. These transcripts may play roles in the regulation of PAA production.
The metabolite MTPA in AG-3 plays a phytotoxic role during sheath blight because of its effect on membrane integrity in host cells 48 . Possible enzyme-encoding genes for the biosynthetic pathway of MTPA were observed in www.nature.com/scientificreports www.nature.com/scientificreports/ the transcriptome contigs. Some of the corresponding transcripts appeared to be up-regulated in AG-1 IA after inoculation (Table S10 ). This observation supported the notion that MTPA is also a pathogenic factor in AG-1 IA.
Gene sequences for the secretome. The secretion of biologically active proteins is a fundamental strategy employed by fungi when infecting plant host tissues 49 . We predicted secretomes from the transcriptome contigs in two ways: (1) searching protein domains for the classical secretion pathway, and (2) searching protein sequences using EffectorP 2.0 50 , which implements a machine-learning method, and classifying effector candidates into apoplastic or non-apoplastic (cytoplasmic perhaps) using ApoplastP 51 . The total number of potential secretome contigs was 11,581 in IA-TCs, 11,993 in IB-TCs, 9,892 in IC-TCs, and 27,976 in IA-STCs (Table S11) . Out of these contigs, 3,046 IA-TCs, 3,060 IB-TCs, 2,509 IC-TCs, and 11,478 IA-STCs were supported by functional annotation, indicating reliability of coding sequence prediction. The predicted secretomes of IA-TCs, IB-TCs, and IC-TCs exhibited similar distributions of KOG classes (Fig. S4) ; further, we found Pfam protein www.nature.com/scientificreports www.nature.com/scientificreports/ domains unique to each AG 1 subgroup strain (Table S11 ). In our analysis, the total number of possible secreted protein genes in AG-1 IA was considerably larger than that (430 gene models) reported by Anderson et al. 12 . This would be largely due to the specific secretome prediction methods used. Most of the secretome proteins did not exhibit significant homology with proteins in the fungal secretome database FunSecKB2, implying occurrence of unknown secreted proteins in R. solani (Table S11) 52 .
Unexpectedly, several thousands of potential non-apoplastic effector sequences, which may be cytoplasmic effectors, were detected. The conserved motifs for cytoplasmic effectors 50 , RxLR, dEER, and [YFW]xC, were found in the sequences of some of the predicted secreted proteins. The molecular functions of those cytoplasmic effector candidates remained unknown owing to lack of data, although a cytoplasmic effector PsCRN115, which is related to necrosis, was found in Phytophthora sojae 53 . There has been no report of cytoplasmic effectors in sheath blight diseases.
The predicted secretomes contained other types of protein homologues that could play roles in promoting colonization of the pathogen. Secreted proteases are thought to contribute to the inactivation of bioactive host proteins released on the surface of tissues and produce low-molecular-weight nitrogen compounds to be absorbed as nutrition. We found sequences for several types of secreted proteases: presenilin aspartyl protease [PF06550. 10 15] . In total, 73 IA-STCs coding protease homologues were found, and 61 of them were expressed in the mycelia before inoculation onto rice. The remaining 12 contigs were inducible at 32 hours after inoculation. These two expression patterns may indicate different physiological roles. CAZymes in R. solani have often been described in genome and transcriptome studies 4,10,54 because the degradation of plant cell wall components can be critical for expansion of mycelia and production of nutrients. Various CAZymes were included in the secretomes for the AG-1 subgroups (Table S11 ). With regards to IA-STCs, 521 contigs were annotated as secreted CAZymes across all the major CAZymes classes 40 : auxiliary activities (AAs), carbohydrate esterases (CEs), glycoside hydrolases (GHs), glycosyltransferases (GTs), and polysaccharide lyases (PLs).
We also found gene sequences annotated as reactive oxygen species (ROS) detoxification enzymes: catalase, glutaredoxin, glutathione peroxidase, glutathione S-transferase, copper/zinc superoxide dismutase, and iron/manganese superoxide dismutase in the secretomes. It is possible that these enzymes ROS produced in accordance with PCD. These proteins were frequently observed in the secretomes of the mycelial transcriptome contigs (Table S12 ). Some enzyme genes for the glutathione system exhibited higher expression levels after inoculation of AG-1 IA than before inoculation (data not shown). Ghosh et al. 54 described the potential involvement of an NifU-like protein in R. solani cells in detoxifying ROS produced by host plants. In addition, an RNA-Seq study 55 reported that differential transcriptional regulation during ROS production was observed in two rice varieties showing contrasting sheath blight resistance; in fact, the expression levels of an NADPH oxidase and two oxalate oxidases, which are key respiratory burst oxidases for ROS production 56 , were concordant with colonization by this fungus. These results support the concept that secreted ROS detoxification enzymes play an indirect role in development of necrotic lesions.
Small secreted proteins. Transcriptome-wide secretome comparisons among the AG-1 subgroups could
provide insights into the molecular evolution of R. solani. To conduct a pilot examination, we clustered the predicted secreted protein sequences into probable orthologous groups and found 123 trios of secreted proteins, which enabled the inference of one-to-one relationships between IA-TCs, IB-TCs, and IC-TCs under a conservative criterion [no less than 50% of amino acid sequence identity and within 20% of protein length difference]. Mapping of the secretome sequences on genome assemblies for AG-1 subgroups supported most of (95%~) orthologous relationships in the 123 trios, indicating the appropriateness of this criterion for evolutionary analyses. The majority of the 123 secreted protein trios showed high sequence conservation with over 85% amino acid sequence identity as well as small d N (the number of non-synonymous substitutions per site)/d S (the number of synonymous substitutions per site) ratios of less than 1 (Fig. 4 ), implying that these protein genes were under purifying selection pressure after speciation of the AG-1 subgroups and essential components in this pathogen. In fact, these slow-evolving proteins included homologues of a protein transport protein SEC61 subunit alpha, a chitin synthase export chaperone CHS7, a protein mannosyltransferase and two effector candidates. In contrast, fast-evolving proteins, which exhibited less than 85% amino acid sequence identity, represented d N /d S ratios of more than 1 in most cases. These proteins may have been under positive or relaxed selection pressure after divergence of the AG-1 subgroups. Importantly, these fast-evolving proteins with high d N /d S ratios were 'small secreted proteins' comprised of no longer than 300 amino acids. Here, we noted that cysteine-rich small secreted proteins (CSSPs, no less than 4% of cysteine) were enriched in the fast-evolving protein category (35.3%) compared with that in all 123 trios (13.8%) with statistical significance (p value of 0.079 in Fisher's exact test), while small secreted proteins were not obviously enriched. This result indicates the significance of CSSPs in molecular diversification of the secretomes in AG-1. CSSPs can directly interact with environmental factors and molecules of host plants or microbiomes; therefore, fast-evolving CSSPs under positive selection pressure are likely to play specific roles in the life cycle of R. solani. Fast-evolving CSSPs under relaxed selection pressure may have lost critical roles during their recent evolution; therefore, such CSSP genes may represent a genetic reservoir for new molecular function. It is noteworthy that none of 21 effector candidate trios exhibited d N /d S ratios of over 1.
CSSPs have been at the center of studies of molecular interactions between phytopathogens and host plants; the physical properties resulting from protein sizes and Cys-richness substantiate higher probabilities of biological significance 57 . We identified 1,872 IA-TCs, 2,009 IB-TCs, 1,555 IC-TCs, and 7,446 IA-STCs that encode CSSPs (Table S10 ). These contained homologues of expansin, pathogenesis-related protein 5, and cellulase, which are likely to be involved in pathogenicity [58] [59] [60] . Proteins homologous to γ-interferon-inducible lysosomal thiol reductase and CFEM domain-containing protein were uniquely found in AG-1 IA. However, no functional annotation www.nature.com/scientificreports www.nature.com/scientificreports/ was given to most of the CSSPs contigs, implying that these represent candidate pathogenic factors. To assess the possibility that these non-annotated protein genes are effectors, we conducted a bioassay by injecting E. coli recombinant proteins encoded by CSSP genes into detached rice leaves (Table S13 ). An orthologous gene pair induced obvious necrosis (Fig. S5) . The primary structure of this orthologous protein and Cys residues was highly conserved among AG-1 (Fig. S6 ). We noted that these effector candidates contained glycine and serine residues at high rates (13.7-14.7 and 9.3-12.0%, respectively). These small amino acids and Cys are likely to contribute to the compactness of the proteins, which confers high mobility in the apoplast. Prediction of allergenicity by AllerCatPro 61 suggested that these candidate effector proteins are homologous to an allergenic protein Mala g 8 of the skin pathogen Malassezia globosa. Interestingly, this protein in AG-1 IA did not elicit necrosis in rape and soybean leaves (data not shown), and agroinfiltration of this gene on tobacco leaves did not induce necrosis (unpublished result), implying a host-range limitation of this effector candidate.
Differentially regulated transcriptome contigs in response to inoculation onto rice. Gene expression patterns can be powerful clues when identifying genes related to biological phenomena. In total, 65 differentially regulated contigs were identified with statistical significance (10% level) by pair-wise comparison between the basal profile and mycelial profiles after inoculation. Those contigs included 55 up-regulated contigs after inoculation and 10 down-regulated ones. The up-regulated contigs included CAZymes, lipases, a protease, a dioxygenase, a jacalin-like lectin, and other proteins (Fig. 5 ). CAZymes were up-regulated in the sample of 48 hours after inoculation, at which post-infection processes occur. Our results indicate the importance of secreted CAZymes and highlight the roles of CE1 and CE5, which preferentially catalyze the deacetylation of 2-O acetyl 4-nitrophenyl β-D-xylopyranoside ( Fig. 5 ). Ten contigs exhibited up-regulated expression patterns within 24 hours after inoculation (Fig. 5 ). For example, contigs of the major facilitator family protein exhibited enhanced expression at 10 and 18 hours after inoculation, but down-regulation at 24 hours after inoculation (Fig. S7 ). Interestingly, this major facilitator transporter was annotated as a secreted protein. A major facilitator transporter in a pathogenic fungus Cercospora plays a role in the biosynthesis of the non-selective phytotoxin cercosporin 62 . The down-regulated contigs contained proteins annotated as hydroxymethylglutaryl-CoA synthase A and NADH-ubiquinone reductase complex 1 MLRQ subunit. The constant expression of these genes after inoculation suggests that they might be involved in fundamental biological processes.
Gene Ontology (GO) enrichment analysis of the seven up-regulated contig clusters revealed biological terms related to lignocellulose degradation at 48 hours after inoculation (Table S14 ). This was attributable to enrichment of CAZyme contigs with statistical significance (p value = 0). AA9, which plays a central role in the oxidative degradation of cellulose 63 , was present in the highest number among the CAZymes in the cluster. These AA9 contigs corresponded to nine genomic genes that encode secreted AA9 proteins (Fig. 6 ). The AA9 proteins were categorized into the four major groups, PMO1, PMO2, PMO3, and PMO3*, and exhibited structural diversification including presence/absence of the carbohydrate-binding domain. Gene expression levels of AA9 were also divergent, and AA9 in the PMO1 group exhibited highest expression levels than in other groups. Homologous proteins of these AA9 proteins were found in IB-TCs, IC-TCs, as well as in AG-3 and AG-8. Molecular diversity of AA9 may be essential in pathogenesis of R. solani. We mined six motifs in the 1-kb upstream region of the www.nature.com/scientificreports www.nature.com/scientificreports/ coding sequences of the AA9 (Fig. S8 ). Motif 1 to motif 4 were not found for any of other 11 secreted AA9 contigs, implying that these four motifs were involved in induction of AA9. The absence of these motifs in other secreted CAZymes in the same cluster suggests that the AA9 genes are regulated independently from other CAZymes. To our knowledge, other than the present findings, cis-elements for fungal CAZymes have not been reported to date. www.nature.com/scientificreports www.nature.com/scientificreports/ Methods fungal materials. Three R. solani strains obtained from South China Agricultural University, the national standard isolate of AG-1 IA 10 , and one isolate each for AG-1 IB, and AG-1 IC, were used. Microscopic observations indicated that these strains had multinucleate cells (data not shown). Sclerotia were germinated and mycelia were inoculated on potato dextrose broth in bottles and cultured at 28 °C under dark conditions with shaking at 150 rpm for two days. Mycelia from culture replicates were harvested and quickly dried after washing with sterile deionized water.
RnA-Seq. Total RNAs were extracted from mycelia using the E.Z.N.A. Fungal RNA Kit (Omega Bio-teck, Inc., GA, USA), according to the manufacturer's instructions. Then, the RNA fractions were incubated with RNase-free DNase I at 37 °C for 30 min to remove genomic DNA contaminants. Purity and quantity of the total RNAs were determined using NanoDrop ND-1000 (Thermo Scientific, Inc., MA, USA). RNA integrity was verified by agarose electrophoresis.
mRNA sequencing was carried out by the BGI Group (Shenzhen, China). Poly (A) + RNAs were selected using poly-T attached magnetic beads and then randomly fragmented in 1 × fragmentation buffer (Affymetrix, Inc., CA, USA). The fragmented poly (A) + RNA fractions were used for construction of cDNA libraries. Briefly, random hexamer primers were annealed with the fragmented RNAs, and first-strand cDNAs were synthesized and converted into double-stranded cDNAs. Then, the termini of the cDNAs were end-repaired and ligated with adaptors after adenylation at the 3′-ends. After gel purification, the cDNAs were amplified by PCR and analyzed by an Illumina GA II sequencer (Illumina, CA, USA) to generate 72 bp × 75 bp paired-end sequences. The raw sequence data were deposited in the NCBI Sequencing Read Archive (SUB5156870). transcriptome assembly. Raw sequence reads of each strain were independently assembled into transcriptome contigs. Trinity 17 version 2.6.5 and Velvet version 1.2.10/Oases 18 version 0.2.09 were used for optimization of assembly. The options '-trimmomatic' and '-jaccard_clip' for de novo assembly and genome-guided assembly in Trinity with the default parameters were tested. For Velvet/Oases, different k-mer from 13 to 71 with the default parameters were applied. The best assembly condition, of Trinity with the option '-trimmomatic' , was selected based on evaluation by BUSCO 64 version 3.0.2 with the option of '-m tran' , in which the two lineage data sets for fungi and Basidiomycota were applied to verify the existence of common genes in the assembled sequences. The raw sequence reads of AG-1 IA and previously generated mRNA sequencing data of AG-1 IA after inoculation onto rice leaves 10 were also assembled into super-transcriptome contigs using Trinity, with the abovementioned best condition. Relationships among the transcriptome contigs in AG-1 IA were designated by CD-HIT 65 Divergence time was estimated using the protein sequences of α-tubulin, cell division control protein 42, ras-related nuclear protein, eukaryotic translation initiation factor, heat shock 70 kDa protein, and β-tubulin. A multiple sequence alignment for the concatenated sequences were prepared by MUSCLE, and a phylogenetic tree was constructed by the method of maximum likelihood with the Dayhoff, JTT, LB, and WAG model implemented in MrBayes version 3.2 67 . Phanerochaete chrysosporium, C. cinerea, Puccinia graminis f. U. maydis, Cryptococcus neoformans, and M. oryzae were used as references. Saccharomyces cerevisiae was used as the outgroup.
Mining of SSRs on transcripts.
SSRs on the mycelial transcriptome assemblies were detected using Phobos Mining of multinucleate polymorphisms. Intra-strain polymorphic sites were mined as follows; (1) RNA-Seq reads were re-mapped on the mycelial transcriptome contigs using BWA mem 68 version 0.7.15 with the default condition, (2) re-mapping data were converted into bam files and sorted using the SAMtools 69 version 1.9, (3) local read alignments were corrected by Genome Analysis Toolkit 70 version 3.7, (4) realigned data were converted into mpileup format by SAMtools with the option '-q 13' , (5) nucleotide substitutions were detected by SNiPer3, which is a derivative tool of a variant caller SNiPer2 22 . Alternative nucleotide frequencies of no less than 5%, with a minimum of two reads supporting each allele, were detected, (6) short insertions and deletions were called by VarScan 71 version 2.4.0 with the default conditions, and (7) to filter out false positive sites caused by technical errors in the transcriptome sequencing processes, the threshold of the minimum read depth of 20 and allelic concordance of 20%, which seemed reliable based on a small-scale comparison to genome-based polymorphic sites of 100 sites for AG-1 IA (Fig. S9 ), were applied. For adjusting different sequencing depth among the AG-1 subgroups, the minimum read depth of 19 for AG-1 IB and 16 for AG-1 IC were applied. Sequential nucleotide substitution sites were merged into potential multi-nucleotide polymorphisms. For referential data, genome-based multinucleate polymorphisms in AG-1 IA were mined using the genomic short reads and the reference genomic scaffolds described elsewhere 10 with the same re-mapping strategy as above.
Gene annotation. Coding sequences of the transcriptome contigs were predicted by TransDecoder 17 version 5.3.0 with an option '-m 50' . All predicted coding sequences were analyzed by HMMER 72 version 3.2.1 to predict protein domains of the Pfam database 34 version 31.0. Metabolic pathway annotations were given by the KEGG Automatic Annotation Server with the SBH method 73 . Annotation of CAZymes were given by dbCAN 74 with HMMdb v7.0 under the default setting parameters (E-value < 1e-15 and coverage >0.35). KOGs 35 were assigned by BLASTP searches with the E-value of 1e-5. Homologous protein sequences were searched against protein sequences of the PHI-base version 4.6 38 and the protein database Swiss-Prot 36 by BLASTP searches with an E-value of 1e-5.
Secreted proteins were inferred from predicted coding sequences based on presence or absence of probable signal peptides, transmembrane domains, ω-sites for glycosylphosphatidylinositol (GPI) anchor, and transit peptides to mitochondrion. SignalP 4.1 75 with the D-cutoff value of 0.34, PrediSi 76 and Phobius 77 were used to predict signal peptides, PrediSi, Phobius, and TMHMM 75 version 2.0c were used to predict transmembrane domains, and proteins with mitochondrial transit peptides were predicted using TargetP 75 version 1.1. PredGPI was used to annotate ω-sites 78 . A secreted protein based on signal peptide prediction, absence of transmembrane domain in the N-terminal of the signal peptide, the protein not being targeted to the mitochondrion, and absence of ω-sites. d N /d S ratios of probable full-length orthologous proteins were measured using PAL2NAL 79 with the default parameters.
